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The mechamsms of chain selection and assembly of type IX collagen, a heterotrtmer al(IX)uZ(IX)a3(IX). must differ from that of fibnllar collagens 
since it lacks the characteristic C-propeptide of these latter molecules. We have tested the hypothesis that the mformation required for this process 
is contained wtthin the C-terminal triple helical disulfide-bonded region (LMW). The reassociations of the purified LMW fragments of pepsinized 
bovine type IX collagen were followed by the formation of disulfide-bonded multimers. Our data demonstrate that only three triple helical assemblies 
form readily, (al),, (a2), and ala2a3. The information required for chain selection and assembly 1s thus, at least m part, contained in the studied 
fragments. Molecular stoichiometrres different from the classical heterotrimer may thus also form under certain conditions. 
Type IX collagen; Collagen trtmerization: Triple helix: Protein folding 
1. INTRODUCTION 
Collagens are proteins of the extracellular matrix that 
are characterized by the presence of one or more do- 
mains in a specific triple helical conformation with a 
repetitive -(Gly-Xaa-Yaa),- primary sequence (for re- 
view see [l]). Sixteen different collagen types have been 
described so far [2]. Collagen molecules can constitute 
three identical or different polypeptide chains. Folding 
of the molecule in the proper conformation requires 
several steps, such as chain selection (in the proper sto- 
ichiometry), chain association (in correct registration) 
and triple helix formation. For fibrillar collagens, the 
published data suggest that the C-terminal propeptides 
may play a fundamental role in the initial steps of chain 
association [3,4] while the triple helix folds by a zipper- 
like mechanism [5]. 
This model of assembly, however, cannot be directly 
applied to the FACITs (fibril associated collagens with 
interrupted triple helix). For this group of collagen mol- 
ecules, the size of the non-triple helical C-terminal do- 
main (NCl) is significantly shorter (less than 30 amino 
acids for type IX collagen, over 260 residues for type I 
procollagen) and shows no homology with the C-termi- 
nal globular domain of the other collagen types. FACIT 
chains, however, display a remarkable homology in 
their first triple helical domains, COLl, and in the first 
five residues of their NC1 domains. The sizes of the 
COLl domains are similar (115, 103. 112 and 106 
amino acids for collagens IX, XII, XIV and XVI. re- 
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spectively). Two imperfections in the triple helix of 
COLl are similarly located in all chains. At the COLl- 
NC1 junction, two cysteines, separated by 4 amino-acid 
residues and responsible for interchain disulfide bond 
formation, are strictly conserved. All these observations 
suggest that the COLl domain may play an essential 
role in trimeric association of the FACITs and in the 
triple helical folding of the molecule. 
In this study, we have investigated the ability of the 
chains of the pepsin-resistant low molecular weight 
(LMW) fragment of bovine type IX collagen to reas- 
semble in vitro into trimers. This fragment is made of 
the COLl domain and the cysteine-containing region of 
NCl. 
2. EXPERIMENTAL 
2.1. Pur$cution of the LMW fragment of type IX collagen 
The pepsin fragments of type IX collagen were solubilized from fetal 
calf cartilage as previously described by Ricard-Blum et al. [6] We 
have separated the LMW fragment of the other pepsin-resistant frag- 
ments using gel permeation chromatography as described by Dayer 
et al. [7]. 
2.2. Sepurution of mdlviduul LM W chains 
The chains of the purified LMW fragments were dissociated after 
reduction and thermal denaturation (15 mm at 60°C m 50 mM Tris- 
HCI, pH 7.5,9 M urea, 10 mM dithiothreitol) and separated by HPLC 
on a C,, reverse-phase column (Vydac semi prep) with a linear gradi- 
ent of acetomtrile (20-50%) m 0.1% trifluoroacettc acid over 60 mm. 
Purified chains were kept at -20°C m 0.1% trifluoroacetic acid and 
freeze-drted immediately prior to use to avoid possible formation of 
disulfide bonds during storage. 
2.3. Chain reussocutlon assays 
The purified chains were dissolved at a concentration of approxi- 
mately 50pg/ml m reassociation buffer composed of 50 mM Tris-HCI. 
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pH 7.5, 100 mM NaCI. The solutton was kept at 60°C for 15 mm and 
then quickly cooled to room temperature (23°C). After 15 h (unless 
otherwtse specified) samples were lyophilized and analysed by SDS- 
PAGE on 12% acrylamtde gels. For some expertments the reassocta- 
tion buffer contamed 2 mM of reduced glutathtone. After the thermal 
denaturation. oxtdattve condittons were re-established by adding an 
equal volume of 20 mM of oxtdized glutathtone III the same buffer. 
The triple helical structure of the reassoctatton products was tested 
by dtgestron with TPCK-treated trypsm under the conditions de- 
scrtbed by Bruckner et al. [S] Brtefly. samples (50 pg/ml) were mcu- 
bated for 1 h at room temperature with trypsm ( 10 pug/ml) m 50 mM 
Tris-HCI, pH 7.6. 100 mM NaCI, rmmedtately drted m a speed-vat and 
analysed by a SDS-PAGE. 
3. RESULTS 
Type IX collagen was chosen to study the mecha- 
nisms of chain association in the FACITs because it is 
a heterotrimer. The steps of chain selection can thus be 
investigated. We have decided to use the bovine mole- 
cule because the three chains of the LMW fragment of 
bovine type IX collagen have very distinct migrations 
on SDS-PAGE compared, for example, to the chicken 
fragments [9]. Stoichiometry of the reassociation prod- 
ucts can thus be easily determined according to their 
migration. 
When the three purified chains are mixed together 
and allowed to reassociate, five major bands can be 
observed by SDS-PAGE (Fig. 1). The upper band mi- 
grates at the same distance as the native LMW frag- 
ment, and is thus likely to correspond to the ala2a3 
heterotrimer. To better identify the reassociation prod- 
ucts, we have tested the ability of the individual chains 
and of defined mixtures to reassociate. The migrations 
of the reassociation products could then be established 
a b c d e f 
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Ftg. 1. Reassoctation of the mixed LMW polypeptide chains. Lane a, 
purified natrve trtmeric LMW fragment after reduction with dithto- 
threttol. lane b, reassoctation assay of a mtxture of purtfied individual 
chains; lane c, unreduced purtficd native trrmertc LMW fragment. The 
mtgratrona of the heterotrtmer and of mdtvtdual chains are Indicated 
to the left of the figure The identity of the chains has been prevtously 
estabhshed by N-terminal sequencmg [7]. The mtgrattons of the four 
addtttonal bands observed m the reconstitutton experiment are tndt- 
cated on the right srde. 
(Fig. 2). All three chains are able to form homotrimeric 
reassociation products. although to a much lesser extent 
for a3 compared to the other two chains (lanes h-j of 
Fig. 3). If the chains are mixed together two by two, 
homodimeric and homotrimeric reassociation products 
of the al and a3 chains are predominantly observed 
(Fig. 2, lanes e-g). We conclude that the four unidenti- 
g h i (a3)3 










Fig. 2. Reassociation of the purtfied LMW polypeptide chams. Lanes sac:, mtwtures of al and a2 fragments. of czl and a3 fragments, and of a2 
and a3 fragments, respectively. reduced wtth 10 mM dithiothrettol. Lane d. unreduced purrfied native trimeric LMW fragment. Lanes e-g. 
reassociation assays of the mixtures of al and a2 fragments (e). of ~1 and a3 fragments (0, and of a2 and a3 fragments tg). Lanes h-j, homomertc 
reassociation assays The migrations of the heterotrtmer and of individual chams are indicated to the left of the figure The migratrons and the 
deduced stotchiomctrtcs of the reassoctatron products are mdtcated on the right of the figure 
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Trypsin + - + - 
Fig. 3. Reststance of the homomeric al and a2 reassociation products to trypsin digestion. The triple helical conformation of reassociation products 
was evaluated by then resistance to trypsin digestton. Lanes a, homomeric a2 reassociation products with (+) or without (-) trypsin digestion. 
Lanes b. homomerrc al reassociation products with (+) or without (-) trypsin digestion. The electrophoretic band corresponding to trypsin is 
indicated on the left side and the migrations of the mdtvtdual chains and of their reassociation products are indicated on the right side. 
fied bands observed in lane c of Fig. 1 correspond to 
homodimers and homotrimers of the al and cc2 chains 
((al),, (a2),. (al),. (a2)3). 
In order to study their conformation, the reassocia- 
tion products have been digested with trypsin under 
conditions where denatured type II collagen chains. 
used as control, are completely degraded (not shown). 
The bands corresponding to the dimers and the trimers 
appear much more resistant to this treatment than mon- 
omers (Fig. 3). indicating that they are in a helical con- 
formation. Whether the resistance of dimers is due to 
their association with non-disulfide-bonded chains or 
whether the dimers are by themselves resistant to this 
type of proteolysis has not been established. Only very 
little (0~3)~ homotrimer could be obtained. Resistance of 
this trimer to trypsin digestion was also noted, although 
the weakness of the staining has made reproduction of 
this gel worthless. 
4. DISCUSSION 
The data presented in this communication demon- 
strate that disulfide-bonded trimeric molecules can 
spontaneously form when the purified component 
chains of the LMW fragment of type IX collagen are 
mixed and allowed to refold. The published sequences 
of the COLI and NC1 domains of FACITs show that 
they contain only 2 cysteines located at the COLl-NC1 
junction and separated by 4 amino acid residues [lo- 
141. It is known that cysteinyl residues can interact and 
form disulfide bonds only if they are in close enough 
proximity and if the biochemical environment, in partic- 
ular the pH, is correct [15]. The reducibility of the ob- 
served reassociation products demonstrates a close in- 
teraction between these cysteines and. consequently, a 
correct folding of the COLl-NC1 region. 
In the in vitro system used, we have never obtained 
more than -25% disulfide-bonded trimer assembly (see 
Fig. 1). Comparable yields have been reported by others 
in similar reconstitution studies [3]. This value is ob- 
tained after less than 4 h incubation and is not increased 
even after 48 h (data not shown). We speculate that 
intrachain disulfide bond formation may limit availabil- 
ity of free SH groups for interchain crosslinking. 
These results suggest that the information needed for 
a right registration of the chains and for their triple 
helical folding is contained in the primary sequence. 
Previous work on collagen-like synthetic peptides (such 
as -(GPP),,-) demonstrated their ability to associate in 
triple helical structures with biophysical properties 
identical to those of native collagen triple helix (circular 
dichroism spectra. X-ray diffraction data, thermal sta- 
bility.. .) [16-l 81. It is therefore not surprising that chain 
reassociation occurred in our system. Three factors may 
have contributed to the proper registration of the chains 
demonstrated by the formation of the right interchain 
disulfide bonds: (i) peptides with all Gly-Xaa-Yaa in a 
registered triple helix are energetically favored over pep- 
tides with overhangs at their extremities [19]; (ii) the 
presence of imperfections in the repetitive sequences 
may favor an assembly where these are at the same 
position in the triple helix formed; (iii) the conformation 
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of the cysteine-containing region at the COLl-NC1 
junction may serve as a nucleation site for helix forma- 
tion. 
In our in vitro assay, a chain selection process clearly 
exists but stoichiometries that have not been described 
so far in vivo are formed in addition to the ala2c13 
heterotrimer. If the chains were to associate randomly, 
16 species of polymers would be obtained (6 dimers and 
10 trimers). However, the predominant assemblies that 
have been obtained in the various mixtures that were 
tested are homodimers and homotrimers of the czl and 
a2 chains and the heterotrimer a10%3. This indicates 
that the simultaneous presence of the three chains facil- 
itates heteromeric combinations. 
Different hypotheses can be proposed to explain the 
formation of chain stoichiometries, in our in vitro sys- 
tem, that are different from the common physiological 
one. Firstly, we have used pepsin fragments, and further 
information for chain selection may be contained in the 
missing parts of the chains, particularly in the NC1 
domain since triple helix formation proceeds from the 
C-terminus to the N-terminus. Except for the cysteine- 
containing region, which is of course conserved in the 
pepsin fragments. the remaining part of this domain 
shows no homology between the three chains [lo-121 
and it is thus less likely that it has a function in chain 
assembly. Secondly, protein chaperones may be in- 
volved in the intracellular chain selection. Evidence for 
a direct role of the triple helical COLl region on chain 
assembly in FACIT molecules has been recently ob- 
tained in our laboratory in a study of the expression of 
a minigene encoding the COLl and NC1 domains of 
collagen XII [20]. The data presented here further sup- 
port the involvement of the COL 1 domain in the assem- 
bly of this class of collagen molecules. 
AcknowMgenmts The authors express their gratttude to their col- 
leagues, Dr. M. Mazzorana, Pr. Peter Bruckner and J.-P. Kleman. for 
therr help and then interest in thus work and for crttrcal reading of thus 
manuscript. They thank A. Bosch for hts help m the preparation of 
the figures. 
REFERENCES 
[l] van der Rest, M. and Garrone, R. (1990) Biochimie 72.473484. 
[2] Pan. T.-C.. Zhang, R.-Z.. Mattei, M.-G. Timpl. R. and Chu. 
M.-L. (1992) Proc. Natl. Acad. SCI. USA 89, 6565-6569. 
[3] Doege, K.J. and Fessler. J.H. (1986) J BIoI. Chem. 261, 8924 
8935 
[4] Brass. A., Kadler, K.E., Thomas, J.T., Grant, M E. and Boot- 
Handford. R.P. (1992) FEBS Lett 303. 126-128 
[5] Engel, J. and Prockop. D J (1991) Annu. Rev. Biophys. Biophys. 
Chem. 20. 137-152. 
[6] Ricard-Blum, S.. Hartmann. D.J., Herbage. D.. Pdyen-Meyran. 
C. and Vrlle. G. (1982) FEBS Lett 146. 343-347 
[7] Dayer. J.M , Rtcard-Blum. S.. Kaufmann. M.T. and Herbage, D. 
(1986) FEBS Lett. 198. 2088212 
[8] Bruckner. P. and Prockop. D.J. (1981) Anal. Biochem. 110.360- 
368. 
[9] Mayne. R., van der Rest, M.. Bruckner. P. and Schmrd. T.M. 
(1993) Extracellular Matrix Molecules, chapter 2. IRL Press, 
Oxford (in press). 
[lo] Ninomrya. Y. and Olsen, B R (1984) Proc. Natl. Acad. Sci. USA 
81. 30143018. 
[II] Nmomrya, Y.. van der Rest. M.. Mayne. R.. Lozano. G and 
Olsen. B.R. (1985) Biochemistry 24. 422334229. 
[12] Brcwton, R.G., Ouspenskaia. M.V 1 van der Rest, M and 
Mayne, R. (1992) Eur. J Brochem. 205. 443 449 
[I 31 Gordon. M.K , Gerecke, D R., Dublet. B., van der Rest, M. and 
Olsen, B.R. (1989) J. BIoI. Chem 264. 19772219778 
[14] Dublet. B. and van der Rest, M (1991) J. Blot. Chem. 266, 
685336858. 
[15] Crerghton. T.E. (1983) Methods Enzymol. 107, 305-329. 
[16] Lazarev, Y.A . Lobachov. V.M.. Grishkovskr. B.A., Shibney, 
V A.. Grechrshko. V S.. Finogenova. M.P., Esipova, N.G. and 
Rogulenkova. V.N. (1978) Btopolymers 17. 1215-1334. 
[17] Brown, F.R.. Di Corato, A., Lorenzr. G.P. and Blout, E.R. (1972) 
J Mol. BIOI 63. 58-99. 
[18] Germann. H P. and Herdmann, E. (1988) Bropolymers 27, 157- 
163. 
[19] Prez, R.A. and Sherman. M.R. (1970) Btochemistry9.41344140. 
[20] Marzorana, M.. Gruffat. H.. Sergeant, A and van der Rest. M. 
(1993) J. Biol. Chem. (m press). 
214 
